A Review on Nanofluids Applications for Heat Transfer in Micro-channels  by Kumar, Neeraj et al.
 Procedia Engineering  127 ( 2015 )  1197 – 1202 
Available online at www.sciencedirect.com
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICCHMT – 2015
doi: 10.1016/j.proeng.2015.11.461 
ScienceDirect
,QWHUQDWLRQDO&RQIHUHQFHRQ&RPSXWDWLRQDO+HDWDQG0DVV7UDQVIHU
$5HYLHZRQ1DQRIOXLGV$SSOLFDWLRQVIRU+HDW7UDQVIHULQ0LFUR
FKDQQHOV
1HHUDM.XPDUD3XQHHW6LQJKE$PLW.XPDU5HGKHZDOF 3UDEKDNDU%KDQGDULF
D'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ1,7&DOLFXW.HUDOD,QGLD
E8WWDUDNKDQG7HFKQRORJ\8QLYHUVLW\'HKUDGXQ8WWDUDNKDQG,QGLD
F'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ6(7,)708QLYHUVLW\0RUDGDEDG83,QGLD
$EVWUDFW
7KLVSDSHURYHUYLHZVRIKHDWWUDQVIHUPHFKDQLVPDQGDSSOLFDWLRQRIQDQRIOXLGDSSOLFDWLRQLQPLFURFKDQQHOE\XVLQJZHOONQRZQ
VLQJOHSKDVHKHDWFRQYHFWLRQWHFKQLTXHV/LTXLGVKDYHKLJKWKHUPDOFRQGXFWLYLW\WKDQJDVHVDQGWKHUHIRUHWKHKLJKHUUHPRYDOKHDW
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WKRVHRIFRQYHQWLRQDOKHDWWUDQVIHUIOXLGVVXFKDVZDWHU>@7KHHDUO\VWXGLHVRIVXVSHQVLRQRISDUWLFXODWHVROLGVLQ
OLTXLGVKDYHEHHQFRQILQHGWRVXVSHQVLRQZLGWKPLOOLPHWHUVRUPLFURVL]HGSDUWLFOHV>@
1RPHQFODWXUH        *UHHN6\PEROV
' SDUWLFOHGLIIXVLRQFRQVWDQW    Ș )OXLG9LVFRVLW\ 
G SDUWLFOHGLDPHWHU      Ȥ WKHUPRHOHFWULFFRQGXFWLYLW\
7 7HPSHUDWXUH      Ʉ ([FHVV7KHUPDO&RQGXFWLYLW\
. 7KHUPDO&RQGXFWLYLW\      HQKDQFHPHQWFRHIILFLHQW
O PHDQIUHHSDWK      ȡ 'HQVLW\
&S 6SHFLILF+HDW      ĲS WLPHUHTXLUHGIRUDSDUWLFOHWRPRYH
7P 0HOWLQJ3RLQW       E\WKHGLVWDQFHHTXDOWRLWVVL]H
 $OWKRXJK VXFK VXVSHQVLRQVGR LQGHHGGLVSOD\ WKHGHVLUHG LQFUHDVHG LQ WKHUPDO FRQGXFWLYLW\ WKH\VXIIHU IURP
VWDELOLW\DQGUKHRORJLFDOSUREOHPV ,QSDUWLFXODU WKHSDUWLFOHV WHQG WRTXLFNO\VHWWOHRXWRIVXVSHQVLRQDQG WKHUHE\
FDXVH VHYHUHFORJJLQJSDUWLFXODUO\ LQPLQL DQGPLFURFKDQQHOV >@5HFHQW DGYDQFHV LQQDQRWHFKQRORJ\
KDYH DOORZHGGHYHORSPHQW RI D QHZFDWHJRU\RI IOXLGV WHUPHGQDQRIOXLGV >@ 6XFK IOXLGV DUH OLTXLG VXVSHQVLRQV
FRQWDLQLQJ SDUWLFOHV WKDW DUH VLJQLILFDQW VPDOOHU WKDQ  QP DQG KDYH D EXON VROLG FRQGXFWLYLW\ RI WKH RUGHU RI
PDJQLWXGHKLJKHUWKDQWKHEDVHOLTXLG7KHSRWHQWLDODGYDQWDJHVRISURSHUO\HQJLQHHUHGQDQRIOXLGVLQFOXGHDKLJKHU
WKHUPDOFRQGXFWLYLWLHVWKDQWKDWSUHGLFWHGE\FXUUHQWO\DYDLODEOHPDFURVFRSLFPRGHOVE([FHOOHQWVWDELOLW\DQGF
OLWWOH SHQDOW\ GXH WR DQ LQFUHDVH LQ SUHVVXUH GURS DQG SLSHZDOO DEUDVLRQ H[SHULHQFHG E\ VXVSHQVLRQV RIPLOOL RU
PLFURPHWHUSDUWLFOHV7KHUHDUH IHZVWXGLHV UHODWHG WRDSSOLFDWLRQVRIQDQRIOXLGV IRUFRQYHFWLYHKHDW WUDQVIHU3DN
DQG&KR>@LQYHVWLJDWHGFRQYHFWLYHKHDWWUDQVIHULQWKHWXUEXOHQWIORZUHJLPHXVLQJZDWHU$O2DQGZDWHU7L2
QDQRIOXLGV DQG IRXQG WKDW 1XVVHOW QXPEHU RI WKH QDQRIOXLGV LQFUHDVHG ZLWK LQFUHDVLQJ YROXPH IUDFWLRQ RI WKH
VXVSHQGHGQDQRSDUWLFOHVDQG5H\QROGVQXPEHU/HHDQG&KRL>@VWXGLHGFRQYHFWLYHKHDWWUDQVIHURIODPLQDUIORZV
RIQDQRIOXLGV LQPLFURFKDQQHOVDQGREVHUYHG UHGXFWLRQ LQ WKHUPDO UHVLVWDQFHE\D IDFWRURI WZR1DQRIOXLGVZHUH
DOVR REVHUYHG WR EH DEOH WR GLVVLSDWH D KHDW SRZHU WKUHH WLPHVPRUH WKDQSXUHZDWHU FRXOG GR;XDQ DQG OL >@
PHDVXUHG FRQYHFWLYH KHDW WUDQVIHU FRHIILFLHQW RI ZDWHU &X QDQRIOXLGV DQG IRXQG VXEVWDQWLDO KHDW WUDQVIHU
HQKDQFHPHQW )RU D JLYHQ 5H\QROGV QXPEHU KHDW WUDQVIHU FRHIILFLHQW RI QDQRIOXLGV FRQWDLQHG a YRO &X
QDQRSDUWLFOHV ZDV VKRZQ WR EH DSSUR[LPDWHO\  KLJKHU WKDQ WKDW RI SXUH ZDWHU ,Q WKLV DUWLFOH ZH GHVFULEH
DSSOLFDWLRQ RI QDQRIOXLGV WR FRROLQJ PLFURFKDQQHO ZLWK IXQGDPHQWDO XQGHUVWDQGLQJ RI FRQYHFWLYH KHDW WUDQVIHU
EHKDYLRURIQDQRIOXLGV7KHYDULRXVIDFWRUVWKDWFRXOGSRWHQWLDOO\EHUHVSRQVLEOHIRUWKHLQDGHTXDF\RIPDFURVFRSLF
DQDO\VLV LQ WKH GHVFULSWLRQRI KHDW WUDQVIHU LQQDQRIOXLGV DQDO\]HG DQG DOVRGLVFXVVHGQHZPHFKDQLVPFDSDEOHRI
H[SODLQLQJWKHHQKDQFHGWKHUPDOFRQGXFWLYLW\RIQDQRIOXLGV
 1DQRIOXLGVSUHSDUDWLRQ
7KH VROLGSDUWLFOHVXVHG IRUQDQRIOXLGV DUH$O27KHQDQRIOXLGZDVSURGXFHGE\JDV FRQGHQVDWLRQE\QDQR
SKDVH WHFKQRORJLHV ,QVROXEOH VROLG$O2 SDUWLFOHVZLWK DQ DYHUDJH VL]H RI DERXW  QP FDPH GLVSHUVHG LQ KLJK
FRQFHQWUDWLRQLQZDWHUZKLFKIRUPHGWKHEDVHIOXLG7KLVKLJKFRQFHQWUDWLRQIOXLGZDVGLOXWHGZLWKGHLRQL]HGZDWHU
WRWKHGHVLUHGVSHFLILHGYDOXHFRQFHQWUDWLRQGHPDQGHGIRULQGLYLGXDOH[SHULPHQW
 +HDWIORZPHFKDQLVPLQQDQRIOXLGV
7KHKLJKHUKHDWWUDQVIHUFRHIILFLHQWVZHUHDFKLHYHGE\WKHDSSOLFDWLRQRIQDQRIOXLGV7KLVDQRPDORXVEHKDYLRU
RI QDQRIOXLGV FDQ EH H[SODLQHG E\ QHZ WKHRULHV %URZQLDQPRWLRQ RI D SDUWLFOHPROHFXODUOHYHO OD\HULQJ RI WKH
OLTXLG SDUWLFOH LQWHUIDFH WKH QDWXUH RI KHDW WUDQVSRUW LQ WKH QDQR SDUWLFOHV DQG WKH HIIHFWV RI QDQR SDUWLFOHV
FOXVWHULQJ7KHVHSRVVLEOHPHFKDQLVPVRIKHDWIORZLQQDQRIOXLGVDUHH[SODLQHGDVIROORZV
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 %URZQLDQPRWLRQ
%URZQLDQPRWLRQE\ZKLFKSDUWLFOHVPRYHWKURXJKOLTXLGDQGSRVVLEO\FROOLGHWKHUHE\HQDEOLQJGLUHFWVROLGVROLG
WUDQVSRUW RI KHDW IURP RQH WR DQRWKHU FDQ EH H[SHFWHG WR LQFUHDVH WKHUPDO FRQGXFWLYLW\ %URZQLDQ PRWLRQ LV
FKDUDFWHUL]HGE\WKHSDUWLFOHGLIIXVLRQFRQVWDQW'JLYHQE\WKH6WRNHV(LQVWHLQIRUPXOD>@
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ZKHUHN%LVWKH%ROW]PDQQFRQVWDQWȘLVWKHIOXLGYLVFRVLW\DQGGLVSDUWLFOHGLDPHWHU
7KHDERYHHTXDWLRQFDQHVWLPDWHWKHHIIHFWRI%URZQLDQPRWLRQRQWKHWKHUPDOFRQGXFWLYLW\E\FRPSDULQJWKH
WLPHVFDOHRISDUWLFOHPRWLRQZLWKWKDWRIKHDWGLIIXVLRQLQWKHOLTXLGWKHWLPHUHTXLUHGIRUDSDUWLFOHWRPRYHE\WKH
GLVWDQFH HTXDO WR LWV VL]H Ĳ' JLYHQ LQ (TX :LWK WLPH UHTXLUHG IRU KHDW WRPRYH LQ WKH OLTXLGV E\ WKH VDPH
GLVWDQFHĲ+ LQ(TX  >@7PLV WKHPHOWLQJSRLQW D LV WKH ODWWLFHFRQVWDQWDQGȖ LV*UXQHLVHQSDUDPHWHU)RUD
W\SLFDOQDQRSDUWLFOHVXFKDV$O2DWURRPWHPSHUDWXUH7P7§OHDGLQJWRO §Q&RQVHTXHQWO\SKRQRQVFDQQRW
GLIIXVHLQWKH§QPSDUWLFOHVEXWPXVWPRYHEDOOLVWLFDOO\DFURVVWKHSDUWLFOH
 /LTXLGOD\HULQJDWOLTXLGSDUWLFOHVLQWHUIDFH
$ ODUJHERG\RI OLWHUDWXUHDGGUHVVHV WKHHIIHFWRI LQIUDVWUXFWXUDO UHVLVWDQFH LQ WKHUPDO FRQGXFWLYLW\ WKDW DULVHV
IURP WKH IRUPDWLRQ RI DZHDN LQWHUIDFLDO FRQWDFW >@%\ FRQWUDVW DQ LQWHUIDFH HIIHFW WKDW FRXOG HQKDQFH WKHUPDO
FRQGXFWLYLW\LVWKHOD\HULQJRIWKHOLTXLGDWWKHVROLGLQWHUIDFH>@E\ZKLFKWKHDWRPLFVWUXFWXUHRIWKHOLTXLGOD\HULV
VLJQLILFDQWO\ PRUH RUGHUHG WKDQ WKDW RI EXON OLTXLG *LYHQ WKDW FU\VWDOOLQH VROLGV GLVSOD\ PXFK EHWWHU WKHUPDO
WUDQVSRUWWKDQOLTXLGVVXFKOLTXLGOD\HULQJDWWKHLQWHUIDFHZRXOGEHH[SHFWHGWROHDGKLJKWKHUPDOFRQGXFWLYLW\7R
HVWLPDWH DQXSSHU OLPLW IRU WKLV HIIHFW OHWXV DVVXPH WKDW WKH WKHUPDO FRQGXFWLYLW\RI WKLV LQWHUIDFLDO OLTXLG LV WKH
VDPHDVWKDWRIVROLGV7KHUHVXOWDQWODUJHUHIIHFWLYHYROXPHRIWKHSDUWLFOHOD\HUOLTXLGVWUXFWXUHZRXOGHQKDQFHWKH
WKHUPDOFRQGXFWLYLW\DVVKRZQLQ)LJXUHD
 1DWXUHRIKHDWWUDQVSRUWLQQDQRSDUWLFOHV
,QFU\VWDOOLQHVROLGVXFKDV WKRVHXVHG LQQDQRIOXLGVKHDW LVFDUULHGE\SKRQRQV6XFKSKRQRQVDUHFUHDWHGDW
UDQGRPSURSDJDWHLQUDQGRPGLUHFWLRQDUHVFDWWHUHGE\HDFKRWKHURUE\GHIHFWVDQGWKXVMXVWLI\WKHPDFURVFRSLF
GHVFULSWLRQRIKHDWWUDQVSRUW:LWKLQWKHVLPSOHVWWKHRU\GXHWR'HE\HWKHPHDQIUHHSDWKORIDSKRQRQLVJLYHQ>@
7KHDERYHDQDO\VLVGHPRQVWUDWHVWKDWWKHDERYHDVVXPSWLRQRIGLIIXVHKHDWWUDQVSRUWLQQDQRSDUWLFOHVLVLQYDOLGDQG
EDOOLVWLFSKRQRQHIIHFWVFRXOGOHDGWRVLJQLILFDQWLQFUHDVHLQWKHUPDOFRQGXFWLYLW\
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 (IIHFWRIQDQRSDUWLFOHVFOXVWHULQJ
&OXVWHULQJ RI SDUWLFOHV LQWR SHUFRODWLQJ SDWWHUQV ZRXOG KDYH D PDMRU HIIHFW RI WKHUPDO FRQGXFWLYLW\  /RFDO
FOXVWHULQJLVSRVVLEOHDQGWKHHIIHFWLYHYROXPHRIFOXVWHULHWKHYROXPHIURPZKLFKRWKHUFOXVWHUVLVH[FOXGHGFDQ
EHPXFK ODUJHU WKDQ WKH SK\VLFDO YROXPH RI SDUWLFOHV 6LQFHZLWKLQ VXFK FOXVWHU KHDW FDQPRYH YDU\ UDSLGO\ WKH
YROXPH IUDFWLRQV RI KLJKO\FRQGXFWLYLW\ SKDVH DUH ODUJHU WKDQ WKDW RI YROXPH RI VROLGV DQG VLJQLILFDQWO\ LQFUHDVH
WKHUPDOFRQGXFWLYLW\7KHHIIHFWRIFOXVWHULQJLVLOOXVWUDWHGLQ)LJXUHEZKLFKVKRZVH[FHVVWKHUPDOFRQGXFWLYLW\
HQKDQFHPHQWRULJLQDWLQJIURPWKHLQFUHDVHHIIHFWLYHYROXPHRIKLJKO\FRQGXFWLQJFOXVWHUVDVDIXQFWLRQRISDFNLQJ
IUDFWLRQRIFOXVWHUV:LWKGHFUHDVLQJSDFNLQJIUDFWLRQWKHHIIHFWLYHYROXPHRIWKHFOXVWHULQFUHDVHVWKXVHQKDQFLQJ
WKHUPDOFRQGXFWLYLW\
D
E
)LJXUHD([FHVVWKHUPDOFRQGXFWLYLW\HQKDQFHPHQW.GXHWRIRUPDWLRQRIKLJKO\FRQGXFWLYHOD\HUHGOLTXLGVWUXFWXUHDWOLTXLGSDUWLFOH
LQWHUIDFHIRUVHYHUDOYDOXHVRIOD\HUWKLFNQHVVKDVDIXQFWLRQRISDUWLFOHGLDPHWHUG>@E([FHVVWKHUPDOFRQGXFWLYLW\HQKDQFHPHQWNGXHWR
LQFUHDVHGHIIHFWLYHYROXPH¡RIKLJKO\FRQGXFWLQJFOXVWHUV6FKHPDWLFGLDJUDPVLQGLFDWHIURPULJKWWROHIWLFORVHO\SDFNHGIFFDUUDQJHPHQWRI
SDUWLFOHVLLVLPSOHFXELFDUUDQJHPHQWLLLORRVHO\SDFNHGLUUHJXODUVWUXFWXUHRISDUWLFOHVLQSK\VLFDOFRQWDFWDQGLYFOXVWHUVRISDUWLFOHV
VHSDUDWHGE\OLTXLGOD\HUVWKLQHQRXJKIRUUDSLGKHDWIORZDPRQJSDUWLFOHV>@
D E
)LJXUHD$[LDOSURILOHRIORFDOKHDWWUDQVIHUFRHIILFLHQW5H E$[LDOSURILOHRIORFDOKHDWWUDQVIHUFRHIILFLHQW5H >@
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 &RQYHFWLYHKHDWWUDQVIHULQQDQRIOXLGV
)LJXUHDDQGESORWWKHORFDOKHDWWUDQVIHUFRHIILFLHQWDJDLQVWWKHD[LDOGLVWDQFHIURPWKHHQWUDQFHRIWKH
WHVWVHFWLRQDWWZR5H\QROGVQXPEHUV7KHUHVXOWVFOHDUO\VKRZWKDWWKHXVHRIQDQRIOXLGVVLJQLILFDQWO\LPSURYHVWKH
FRQYHFWLYHKHDW WUDQVIHU LQSDUWLFXODUO\DW WKHHQWUDQFHUHJLRQDQGDW WKHKLJKHU5H\QROGVQXPEHU)RUQDQRIOXLGV
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